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Abstract 
Thermal sources, such as an incandescent light bulb or heated stove top, are understood to be incoherent 
sources of radiation. This property ensures a desk lamp’s light does not create fringe patterns when passed 
through double slits. Their inability to form interference patterns has made beam steering for thermal 
sources impractical. This thesis, addresses the use of surface propagating electromagnetic waves called 
surface plasmon polaritons (SPPs) to emit coherent radiation from a thermal source at near field. Through 
a corrugated surface, SPPs were scattered away from the surface to form a condensed beam. Through 
modeling of SPP interference at near field, a micron-level device was characterized and fabricated to 
exhibit beam steering properties at a specified wavelength of 8 µm. Laboratory testing with a Fourier 
transform spectrometer allowed comparison of the model with laboratory data. Laboratory testing showed 
that the signal-to-noise ratio was too low to prove beam steering had been achieved. This may have been 
due to mistakes in the fabrication process or the proximity of the focusing plane to the thermal source.  
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1. Introduction 
 Beam steering is the production of low-diverging beams of electromagnetic radiation. 
Laser light is the quintessential confined beam, and exhibits very collimated sources of light. 
Light incident on an aperture in an opaque screen represents the opposite of collimation due to 
the diffracting nature of light. This thesis work aims for a beam with similar confinement as the 
laser, while using a source, which produces radiation through thermal excitation. The challenges 
of steering thermal radiation can be understood by examining Young’s experiment.  
 Often used in classical optics to introduce the superposition property of light, Young’s 
experiment uses three pinholes and a source of light. One screen contains one pinhole and is 
placed directly in front of the source. A second screen with two pinholes is placed a distance 
away from the first screen. What occurs is a seemingly homogenous source of light producing 
bright fringe patterns, or areas of dark and bright repeating patterns. The light exhibits this type 
of effect due to something called coherence. 
 Invisible to the naked eye, coherence must be tested for, which Young’s experiment does 
very well. Coherence can be thought of as the length over which a light source contains a relative 
phase. After this length, the phase of the light changes randomly. Understanding that light’s 
interference pattern is solely based on the relative phases of two overlapping waves, it becomes 
apparent that interference implies coherence.  
 This property of coherence is very attractive in beam steering applications where one 
attempts to focus white light in a particular area while destroying it in another. However, 
coherence is not a property of thermal sources. In many cases, these sources have coherence 
lengths on the order of a wavelength of emitted radiation, making the use of interference 
properties impractical. Instead, another method must be used to confine the emission of the 
thermal source.  
 This thesis explores this idea. It is determined that other methods are available, as shown 
in the literature review below, to produce coherence from thermal sources. These theories are 
then developed further through computer simulation and through laboratory experimentation.   
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2. Literature Review 
 The interaction of light with sub-wavelength structures has become a topic of interest as 
advancements in fabrication techniques allow for smaller and smaller structures to be created [3].  
It was first shown mathematically that the transmission of light through a tiny, sub-wavelength 
aperture would fall off as one increases the wavelength of the incident light. This was later 
proven experimentally, as can be seen in Fig. 1 [1],[2]. Although there appears to be a peak in 
intensity, the intensity approaches zero as the incident wavelength increases.  
 
Figure 1 Taken from “Light in tiny holes” authored C. Genet and T.W. Ebbesen [3]. a. A circular aperture milled in Ag with 
270nm diameter. b. Corresponding intensity pattern with respect to wavelength. c. Rectangular aperture milled in Ag with 
dimensions 210nm x 310nm. d. Corresponding intensity pattern with different polarization angles represented by theta.  
 According to Bethe, it would appear that incident light on sub-wavelength apertures 
would always lose some amount of energy when propagating through the hole. However, it was 
found that by adding a periodic structure on the surface of this aperture, the intensity outputted 
by the structure was significantly increased [3]. These structures were periodic grooves or 
corrugations made in the metal surface. A popular structure, which utilizes these corrugations, 
that is often found in the literature is the “bull’s eye” shown in Fig. 2.a. Soon after corrugating 
one side of a metal film, it was discovered that by corrugating both sides of the metal film, not 
only was light transmitted but it was highly directive and could even be steered [5]. Figure 2 
shows this low-divergence beam being produced by illuminating a double corrugated bull’s eye 
structure. 
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Figure 2 Taken from reference 4, this shows the effects of shining white light on a corrugated structure. a. Bull’s eye structure 
from a top view. b. Intensity pattern of the bull’s eye for different incident angles theta. c. Low diverging beam spot produced be 
illuminating bull’s eye structure. d. Intensity pattern of the bull’s eye recorded at different angles with respect to the center of the 
structure. This graph shows low divergence of the beam, along with the groves on both sides of the bull’s eye.  
 This seemingly counterintuitive phenomenon is linked to surface plasmon polaritons 
(SPPs). SPPs are electromagnetic waves which propagate at the surface of a metal-dielectric 
interface. They can be solved using Maxwell’s equation and utilizing the boundary conditions 
appropriate for such an interface. Their name hints at a relationship between the waves and the 
plasma of the metal or conductor at the interface. These waves couple with the oscillations of the 
plasma in the metal [6].  Conservation of energy and momentum laws govern the coupling of 
incident light with SPPs. Only certain incident angles will be permitted due to the structure of the 
corrugations at the surface of the aperture. It was postulated and proven experimentally that a 
reverse effect could be achieved by placing the grooved surface on the output plane of the bull’s 
eye. Thus the corrugated surfaces acted as scatterers, confined by the conservation of momentum 
and energy, propagating SPP away from the aperture and into a confined beam [5]. 
 Excitation of SPPs due to incident light is not the only way to utilize corrugated surface 
structures. Thermal excitation can also be used to produce similar results. Thermal sources are 
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known for their incoherent properties, making it difficult to produce interference and therefore 
any kind of beam steering. With the help of corrugated surfaces, however, a thermal light-
emitting source was shown to have produced not only multiple wavelength coherence lengths but 
directed beams of light [4]. This last find is particularly encouraging for creating a thermal 
emitter capable of beam steering.  
 More recently, researchers have begun disrupting the periodic nature of the corrugation 
surfaces for more complex aperiodic structures, which allow more focusing in a single direction. 
They have shown both experimentally and theoretically that incident light on such structures will 
produce highly directive beams [7]. As shown in Fig. 3, this structure produces a field exhibiting 
not only focusing in the far field, but fringe patterns as well. As discussed in the introduction of 
these papers, it is evident that the corrugation of the structure allows for coherent emission from 
the source.  
 This coherence property of the emission is utilized to arrange the corrugation to 
maximize focusing at a particular length, while minimizing light in all other areas. This 
formulation is shown later on and will be employed when designing the thermal emitter. 
 
Figure 3 Taken from reference [7], an intensity pattern produced by a grated structure shown schematically in the lower point of 
the image. As seen in the figure, fringe patterns occur implying coherence in the emission of the structure. 
 Reference [7] is the jumping off point for this work. Many of the ideas applied by past 
researchers were used and taken advantage of while designing and testing the thermal emitter.  
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3. Description of Research Results 
3.1 Experimental Techniques 
3.1.1 Theoretical Framework 
To correctly characterize the thermal emitter, much theoretical modeling was undertaken prior to 
any data collection in the laboratory. As mentioned in the literature review, the theoretical 
framework for a thermal emitter, utilizing an aperiodic corrugated structure, has already been 
determined. Reference [7] dictates the placement of corrugations or indentions on a substrate 
using Eq. (3.1). 
𝑥𝑖 = 𝑥𝑖−1 + 2𝜋 − 𝛿
𝑘𝑠𝑠𝑠 −
𝑘0𝑥𝑖
𝑓0
 
(3.1) 
 
where 𝑥𝑖 indicates the location of the 𝑖th corrugation, 𝑘𝑠𝑠𝑠 is the wave number of the SPP,  𝑘0 is 
the wave number of free space, 𝑓0 is the distance between emitter and focus spot, and 𝛿 
represents the slowing of the SPP phase due to the corrugated surface. Figure 4 depicts the 
corrugations on a substrate with spacing described. A 50% duty cycle was assumed for the 
corrugated structures.  
 
Figure 4 A corrugated surface atop a substrate. The position of each corrugation or indention is described by 𝒙𝒊 from Eq. 1 
In order to solve for the locations of the corrugations, certain simplifications can be made to 
more easily make the calculations. The dispersion relation of a SPP is described by Eq. (3.2), 
where 𝜀𝑑 and 𝜀𝑚 are the relative permittivity of the dielectric and metal, respectively. The metal 
chosen for the emitter was gold, while the dielectric was air. Around wavelengths in the mid-
infrared, 𝜀𝑚 ≪ 0 and 𝜀𝑑~1. This allows us to simplify 𝑘𝑠𝑠𝑠 to the wavenumber of free space as 
seen in Eq. (3.2). 
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𝑘𝑠𝑠𝑠 = 𝜔𝑐 � 𝜀𝑑𝜀𝑚𝜀𝑑 + 𝜀𝑚 ≈ 𝑘0 (3.2) 
 
The literature review discussed the excitation of SPPs using a thermal source. The thermal 
source can be thought of as emitting radiation in accordance with the laws of thermodynamics. 
This emitted radiation can be thought of as the incident light used in previous experiments to 
excite the SPPs. As shown in Eq. (3.2), the wavelength of the thermal radiation will equal that of 
the SPP. This value is approximated as the wavelength of the maximum value of the black body 
radiation spectrum using Wien’s displacement law.  
Rearranging Eq. (3.1) and solving for only the positive position values produces Equation (3.2). 
For this particular structure, 𝛿 is equal to zero [7].  
𝑥𝑖 = (𝑥𝑖−1 − 𝑓0) + �(𝑓0 − 𝑥𝑖−1)2 + 4𝑓0(𝑥𝑖−1 + 𝜆𝑠𝑠𝑠)2  (3.3) 
 
A model of the emitters mid-field was needed in order to show focusing would occur. Treating 
the corrugations as cylindrical wave emitters accomplished this task. The 𝑖th corrugation or 
cylindrical wave emitter produce an electric and magnetic field as shown in Eq. (3.4). The 
emitter is modeled to have 2𝑀 + 1 corrugations, where 𝑖 = −𝑀,−𝑀 + 1, … 0 …𝑀− 1,𝑀.  
𝑬�𝑖 = 𝐸𝑖𝑒−𝑗𝑗��𝑟−𝑥�𝑥|𝑖|��
�𝑟 − 𝑥�𝑥|𝑖|� 𝑦�        𝑯�𝑖 = 𝐸𝑖𝑒−𝑗𝑗��𝑟−𝑥�𝑥|𝑖|��𝜂�𝑟 − 𝑥�𝑥|𝑖|� 𝜑�𝑖 (3.4) 
Calculating the intensity pattern next, it is seen in Eq. (3.5) that we end up with a somewhat 
computationally intensive formula.  
< 𝑺𝑡 > = 12𝑅𝑒 �� � 𝐸�𝑖𝑀
𝑖=−𝑀
�𝑦�  × � � 𝐻�𝑖𝑀
𝑖=−𝑀
𝜑�𝑖�
∗
� 
(3.5) 
 
Figure 5 shows three corrugations on an emitter. The center corrugation is labeled as corrugation 
zero, while the left and right corrugations are labeled as negative one and one, respectively. The 
unit vector 𝜑�𝑖 is clearly labeled for all three corrugations in the figure. Examining Eq. (3.5) and 
utilizing the distributive property of the cross product, we are able to reduce Eq. (3.5) to Eq. 
(3.6).  
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< 𝑺𝑡 > = 12𝑅𝑒 �� � 𝐸�𝑖𝑀
𝑖=−𝑀
�� �
𝐸�𝑖
𝜂
𝑀
𝑖=−𝑀
?̂?𝑖
′�
∗
�  ,𝑦�  ×  𝜑�𝑖 = ?̂?𝑖′ = 𝑟 − 𝑥�𝑥|𝑖||𝑟 − 𝑥�𝑥|𝑖|| (3.6) 
 
Notice that the expression for ?̂?𝑖′ is the unit vector of 𝑟𝑖′ from Fig. 5. Equation (3.6) was 
implemented in MATLAB and the code is provided in the appendix.  
 
Figure 5  A schematic of the three-emitter setup with corresponding vectors. a. A schematic focusing on the first emitter and 
showing the emitter’s 𝒓�⃑ 𝒊′, 𝝋�𝒊 and 𝒙�𝒙|𝒊| vectors. b. The center emitter noted as 𝒊 = 𝟎. c. A schematic focusing on the the negative 
one emitter’s 𝒓�⃑ 𝒊′, 𝝋�𝒊 and 𝒙�𝒙|𝒊| vectors. d. All three emitters and corresponding position vectors.  
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Figure 6 The Simulation results of four different corrugated emitters each with focus distance 1 mm. These plots show intensity 
patterns with normal distance from the emitter on the y-axis and position parallel to the emitter on the x-axis. a. 19 corrugation at 
a wavelength of 9 µm. b. 35 corrugated emitters at 8.57 µm wavelength c. 821 corrugated emitters at 8.57 µm wavelength. d. 19 
emitters at a wavelength of 8 µm.   
Attempting to simulate focusing in the focus length 𝑓0 described in Eq. (3.3), many simulations 
were performed resulting in Fig. 6. 
 
3.1.2 Laboratory Technique 
Once the thermal emitter was characterized as described in the previous section, it was taken into 
the laboratory for testing. Spectral data was collected using a Fourier transform infrared (FTIR) 
spectrometer. The position of the emitter was controlled using two micron-scale linear stages by 
placing one parallel and the other perpendicular to the FTIR input port. To heat the sample to an 
appropriate temperature, a thermocouple was employed. Attaching the two output wires of the 
couple to a sample mount, the emitter temperature could be controlled. Lastly, both a polarizer 
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and an aperture were placed in front of the FTIR input port. A schematic of the laboratory setup 
is shown in Fig. 7. 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 A schematic view of the laboratory setup.  
 
 
 
 
Figure 7 Image of the laboratory setup showing the two linear stages making an X pattern. The FTIR is located to the right and 
shows its input port. The thermocouple is attached to the sample through yellow and purple wires. The sample mount is the 
metallic rectangle attached to the purple wires near the FTIR. The aperture sits between the sample mount and the FTIR. 
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The linear stages themselves were controlled using the software package provided by the 
manufacturer. Due to the physical limit of the aperture, only 100 µm steps were used when 
Moving the sample parallel to the FTIR, while steps sizes of 25, 50, and 100 µm were used  
when moving the sample normal to the surface of the FTIR. 
3.2 Results 
It was determined that an emitter heated to about 150-200 ℃ would produce wavelengths around 
6-10 µm, and 8.5 µm was chosen as the desired wavelength. 821 corrugations were placed on a 
Au coated emitter. One of Dr. Daniel Wasserman’s graduate students, Shyamala Malagari, 
Figure 9 A close-up of the FTIR (shown to the left), aperture (center), and sample mount. The 
red wire attached to the sample provides temperature data for the thermocouple to regulate the 
temperature of the sample. 
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fabricated the device utilizing a mask fixed with the specification mentioned above. The 
expected focus distance was calculated at around 1 µm.  
 Although our theoretical investigation of the thermal emitter provided a framework 
which to base our experimental research, the attempts made to create a focused thermal emitter 
proved unsuccessful. Some of the experimental results are provided below. The largest issue 
with the results was producing a signal significantly higher than the noise floor. Although some 
false maximums do appear in the results shown, these were simply random fluctuations in the 
data set and not signs of significant focusing.  
 
Figure 10   Intensity patterns collected in the experimental setup shown in Fig. 7. The x-axis shows distance from FTIR to sample 
and the y-axis shows parallel distance of the sample with respect to the FTIR.   
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4. Conclusion 
Although the thermal emitter was never fully realized, theoretical foundation was laid 
which could lead to the fabrication of a successful thermal emitter. It was found through 
computer simulation that focusing should become apparent near the surface of the emitter. The 
complexity of the experimental setup may have made it difficult to show focusing. For one, the 
thermal coupler employed would drop below 150 ℃ at times, which would have greatly affected 
not only the emission wavelength but the length of focusing. Secondly, the rate at which the 
thermal emission naturally fluctuated is quite high, and although focusing may have occurred, 
the FTIR’s processing length at each wavelength may have been too short to pick up a significant 
change in intensity.  
In the future, it may be better to average over many measurements of the same sample. 
This would be highly time-consuming but would mostly likely produce a clear sense of what was 
occurring. Using a more reliable thermocouple would have allowed us to work in the designed 
wavelength regions; our inability to do so may have hurt the experiment significantly. Finally, 
when taking measurements from the sample, it is critical that the setup stays undisturbed 
between data sets. Otherwise, it becomes very difficult to compare data sets, especially when 
measuring on the micron scale. To circumvent this issue, it would be wise to take all 
measurements at once, and compare. This would prove time-consuming as well and require that 
lab spaced to be undisturbed for long periods of time.  
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Appendix A: MATLAB Modeling Code of SPPs 
 
%-------------------------------------------------------------------------- 
%%MAIN_MULT_EMITTERS models each surface plasmon polariton (SPP) 
%as a single emitter of a cylindrical wave. The polarization of the 
%electric field is in the direction of increasing theta. This is also known 
%as theta hat. An array of plasmon polaritions are placed on the x-axis and 
%centered at x=0. The intensity patterns are determined in the z>0 region. 
%The simulation is 2D. The vectors of electric fields are as follows, 
% ^ ^ 
% | | 
%[x,z] 
% | | 
%-------------------------------------------------------------------------- 
 
clear all,close all,clc 
 
%Variables 
N=4000;                 %Number of pixels 
M=17;                   %# of emitters to the right/left of the center 
um=1.0e6; 
cm=1.0e-2; 
del=1.0e-6;             %Spacing of axis 
epsilon_d=2;            %Permittivity of dilectric(air)about 1 
epsilon_m=2;            %Permittivity of metal(<<0) 
frq=(3.5)*10^13;        %Frequency(1/s) 
omega=2*pi*frq;         %angular frequency(1/s) 
c=3.0e8;                %Speed of light(m/s) 
k_spp=(omega/c).*sqrt((epsilon_d*... 
    epsilon_m)/(epsilon_d+epsilon_m)); %K vector of a SPP 
E_0=300;                %Electric Filed amplitude 
eta=120*pi;             %Intrinsic Impedance 
f_0=1e-3;               %Focal length 
lambda=(2*pi)/k_spp;    %wavelength 
 
%Grid Construction 
z_0=del*600;            %Starting z value 
[X,Z]=meshgrid((-N/2:N/2-1).*0.04e-6,((0:N-1).*0.1e-6+z_0)); 
 
%Gradiant 
del_x=zeros(1,M); 
del_x(1)=(-f_0+sqrt((f_0)^2+4*f_0*lambda))*0.5; 
 
for i=2:M 
    del_x(i)=(del_x(i-1)-f_0+sqrt((f_0-... 
        del_x(i-1))^2+4*f_0*(del_x(i-1)+lambda)))*0.5; 
end 
 
%Cylindrical Wave of a Single Emitter 
E=zeros(N); 
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H_x=zeros(N); 
H_z=zeros(N); 
 
m=0; 
R=sqrt(Z.^2+(X-m*0).^2); 
r_m_x=(X-m*0)./R; 
r_m_z=Z./R; 
E=E_0.*(exp(-1i*k_spp.*R)./R)+E; 
H_x=((E_0/eta).*exp(-1i*k_spp*R)./R).*r_m_x+H_x; 
H_z=((E_0/eta).*exp(-1i*k_spp*R)./R).*r_m_z+H_z; 
 
for m=-M:-1 
    R=sqrt(Z.^2+(X-m*del_x(abs(m))).^2); 
    r_m_x=(X-m*del_x(abs(m)))./R; 
    r_m_z=Z./R; 
    E=E_0.*(exp(-1i*k_spp.*R)./R)+E; 
    H_x=((E_0/eta).*exp(-1i*k_spp*R)./R).*r_m_x+H_x; 
    H_z=((E_0/eta).*exp(-1i*k_spp*R)./R).*r_m_z+H_z; 
end 
 
for m=1:M 
    R=sqrt(Z.^2+(X-m*del_x(abs(m))).^2); 
    r_m_x=(X-m*del_x(abs(m)))./R; 
    r_m_z=Z./R; 
    E=E_0.*(exp(-1i*k_spp.*R)./R)+E; 
    H_x=((E_0/eta).*exp(-1i*k_spp*R)./R).*r_m_x+H_x; 
    H_z=((E_0/eta).*exp(-1i*k_spp*R)./R).*r_m_z+H_z; 
end 
 
H_z=conj(H_z); 
H_x=conj(H_x); 
S=0.5*real(sqrt((E.*H_x).^2+(E.*H_z).^2)); 
 
 
S_Max=max(max(S)); %Normalize S 
S=S./S_Max; 
 
 
figure 
    contourf(X*um,Z*um,S) 
    xlabel('Position (um)') 
    ylabel('Distance (um)') 
    title( {[num2str(2*M+1) ' Emitters'];['wavelenght: '... 
        num2str(lambda*um) ' um']}) 
    colorbar 
 
 
